The concentration profi les of 13 trace elements (Li, Na, Al, P, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, and Y) were determined in a natural mantle olivine xenocryst included in a hybridized hydrous dioritic magma during cooling from ~1000 °C, which allow trace-element chemical diffusion coeffi cients to be evaluated relative to Mg-Fe interdiffusion under conditions that are diffi cult to access in the laboratory. The effective diffusion coeffi cients of many elements (Li, Ca, Sc, Mn, Co, Ni, and Y) fell within a factor of three of the corresponding Mg-Fe interdiffusion coeffi cient, in agreement with results from laboratory experiments at higher temperatures. By contrast, the concentration profi les for Na, Ti, and V implied much faster diffusion rates, while P showed no discernible diffusion. The Al and Cr profi les, which were well correlated with each other, were complex and variable on a small length scale due to local precipitation of spinel. These data show that the diffusion coeffi cients of cations in olivine are not simple functions of ionic charge or ionic radius, but they are likely controlled by the availability of suitable diffusion pathways.
INTRODUCTION
Despite the fact that solid-state diffusion is central to many geological processes, little is known about the factors controlling the rates of diffusion of trace elements in silicate minerals. In particular, there is a general paucity of empirical data against which theoretical models might be tested. Much of what is known about diffusion in silicates concerns the mineral olivine, as Chakraborty (2008) pointed out in a recent review. The diffusivities of major elements and several compatible trace elements in ferromagnesian olivine have been determined experimentally by a variety of techniques (Petry et al., 2004; Coogan et al., 2005; Dohmen and Chakraborty, 2007) , and those of some incompatible trace elements, including rare earth elements (REEs), were recently reported from experiments at 1300 °C in which natural olivine phenocrysts were immersed in a synthetic basaltic melt (Spandler et al., 2007) . In the latter study, the high temperature (1300 °C) enabled long diffusion profi les (~200 µm) to be generated in experimentally reasonable times (~25 d), allowing the diffusion profi les to be measured along transverse sections using the well-established geochemical microanalytical methods of the electron microprobe (EMP) and laser-ablation-inductively coupled plasma-mass spectroscopy (LA-ICP-MS). Despite differences in ionic size and charge, it was found that the REEs, Sc, and Ti all diffuse at approximately similar rates to Mg and Fe and other divalent cations (Ni and Mn), and the same result has recently been supported by similar experiments using San Carlos olivine (Spandler and O'Neill, 2010) . The method has the great advantage that the chemical potentials of all components can be fi xed, which is a prerequisite for studying those trace elements for which substitution into a crystal requires some means of charge balance. In addition, the concentrations of the trace elements at the crystal-melt interface yield partition coeffi cients that may be checked against those obtained from equilibrium partitioning experiments, to test whether the concentrations of the diffusing elements are compatible with equilibrium substitution mechanisms. The method's disadvantage is that relatively long diffusion profi les (>100 µm) are needed, which has prevented it being used in laboratory experiments at low temperatures where only short profi les could be generated in reasonable times. However, xenocrysts included in an exotic magma constitute a natural diffusion experiment of this type, in which concentration profi les of a suitable length can develop on geological as opposed to laboratory time scales (Costa and Chakraborty, 2004; Costa and Dungan, 2005) . Here, we use a particularly propitious occurrence of diffusion profi les generated in olivine xenocrysts of upper-mantle composition immersed in a dioritic magma to constrain the rates of diffusion relative to Mg-Fe interdiffusion of several key trace elements (Li, Na, P, Ca, Sc, Ti, V, Mn, Co, Ni, and Y) at natural concentrations and at a temperature well below that practicable in the laboratory.
GEOLOGICAL CONTEXT
The olivine xenocrysts (0.5-3 mm in diameter, up to 6% by volume) were found in the chilled margin of one of the plutons of highMg diorite from Handan-Xingtai, central North China block, which was formed at an intracontinental setting at 134.2 ± 1.3 Ma (our unpublished sensitive high-resolution ion microprobe [SHRIMP] zircon U-Pb data). The suite of diorites shows in their chemistry the effects of variable assimilation of upper-mantle peridotite (relict harzburgite xenoliths were described elsewhere in these plutons by Huang and Xue [1990] ), starting from an initial magma with ~2 wt% MgO (see Appendix DR1 and Table DR1 in the GSA Data Repository 1 for further details). Some olivine crystals display kink bands or undulatory extinction from deformation that predates the zoning; rare olivine aggregates are also found (Appendix DR3).
The olivine xenocrysts are surrounded by a corona (40-60 μm wide) of interweaved microcrystalline orthopyroxene and spinel (Fig. 1) . Euhedral chromite occurs next to the margin of olivine, and quartz exists in the groundmass even within 100 µm of the olivine. All these textural observations provide evidence that the olivines are xenocrysts in disequilibrium with the groundmass diorite. Assuming a pressure of ~0.4 GPa from Al-in-amphibole geobarometry (Schmidt, 1992) , the two-pyroxene geothermometer of Brey and Köhler (1990) gives 1000 °C for neoblastic pyroxenes at the olivine rim and 850 °C for the groundmass, approximating liquidus and near-solidus temperatures, respectively (Murphy et al., 2000) . The redox state is log fO 2 = QFM + 0.5 to + 1.0, where QFM is the quartz-fayalite-magnetite oxygen buffer (O'Neill and Wall, 1987) . A relatively high H 2 O content of the magma is inferred from the occurrence of amphibole and biotite.
CONCENTRATION PROFILES AND RELATIVE DIFFUSION COEFFICIENTS
Olivine xenocrysts were normally zoned in Mg/Fe, with forsterite content (Fo, molar 100 × Mg/[Mg + Fe T ]) decreasing from core (89.1-93.2) to rim (73.2-81.4). The xenocrysts cover a range of sizes and show textures evident of various degrees of reaction with the magma. One exceptional crystal with favorable dimension and orientation, and still retaining a crystal face, indicating minimal dissolution, was selected for detailed study ( Comparative diffusion coeffi cients of major and trace elements in olivine at ~950 °C from a xenocryst included in dioritic magma (Table DR2) , and concentration profi les of trace elements (Li, Na, Al, P, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, and Y; Tables DR3 and  DR4) were determined along the same or similar paths by LA-ICP-MS. Analytical methods are given in Appendix DR2. The core of our selected olivine xenocryst has typical Ni (~3500 ppm) and Mn (~630 ppm) values for mantle olivine, with low Ca (<400 ppm), low Al (<200 ppm), but moderate Cr (300-350 ppm), indicating, together with the relatively high Fo (93), a provenance from highly depleted peridotite (harzburgite or dunite). The concentrations of the incompatible elements P (~16 ppm), Sc (~2.3 ppm), and Y (6 ppb) in the core are below those of the mantle olivines analyzed by Witt-Eickschen and O'Neill (2005) (P: 20-160 ppm; Sc: 2.3-4.8 ppm; Y: 12-76 ppb), which agrees with the depleted diagnosis. We thus have an olivine from a source strongly depleted in incompatible elements immersed in a reservoir, the dioritic magma, that is enriched in these elements (Table DR1) .
Mapping of major elements reveals gradual changes in olivine composition (Fig. 1B) similar to previous reports of diffusion in natural olivines (Costa and Dungan, 2005) and quite unlike the zonation found in overgrowths on olivine phenocrysts (see Kamenetsky et al., 2008 , and references therein). The rim-to-core concentrations of major, minor, and trace elements decrease smoothly from values appropriate for crystal-liquid partitioning to core concentrations typical of mantle olivine, providing further evidence that the investigated grain represents a mantle xenocryst modifi ed by diffusion. Representative concentration profi les (plotted as Fo) along [010] and [001] are given in Figure 2A . The Mg-Fe zoning in a rare polycrystalline aggregate of olivines, in which each olivine has slightly different initial Mg#, shows the same steep gradients in Mg# toward those boundaries that are in contact with the diorite, but subtle gradients along similar length scales either side of the olivine-olivine contacts, demonstrating olivine-to-olivine diffusion (Appendix DR3).
The solution to Fick's Laws for one-dimensional diffusion into a semi-infi nite medium with constant concentration at a fi xed crystalmelt boundary and a constant diffusion coefficient, D, is:
where c(x) is the concentration at distance x, c i is the concentration at the interface (x = 0), which is taken to be the boundary of the crystal as presently observed, c o is the initial concentration, and t is the residence time. Diffusion would have occurred over a range of temperatures, which can be modeled by invoking a characteristic temperature that is equivalent to ~95% of the maximum temperature in Kelvins (Chakraborty and Ganguly, 1991) . Potential complications in the interpretation of the measured concentration profi les include the movement of the boundary of the olivinemelt interface as the olivine dissolves, although the amount of olivine lost from our selected crystal, judging from its shape, is small compared to both its original dimensions and to the concentration profi les of interest. Dissolution of the olivine may change the composition of the melt, although this effect is minor for trace elements that are incompatible in olivine. For these reasons, plots of the left-hand side of Equation 1 versus x may deviate from the straight line expected from the simple model of Equation 1. However, even for Mg-Fe interdiffusion, the deviations are not large (Fig. 3A) .
Mn (Fig. 3B) , the most precisely determined trace element, shows a good linear trend.
The concentration profi les for Li, Ca, Sc, Co, and Y are similar in shape to those of Mn (Figs. 2B and 2C) , and also give reasonably straight lines when fi tted to Equation 1 (Fig. 3) . For these elements, the ratio of the slopes from these fi ts to the slope for Mn (here chosen as the , as the time is the same, and the effect of the moving interface caused by dissolution should affect M and Mn more-or-less equally. Hence, diffusion rates for these elements may be quantifi ed relative to Mn (Table 1) . Diffusion rates for the divalent cations Ca and Co relative to Mn are similar to those observed in laboratory experiments at higher temperature (Morioka, 1981; Petry et al., 2004; Coogan et al., 2005) . It is noteworthy that D Li , D Sc , and D Y are similar in magnitude to D Mn , in agreement with laboratory experiments at 1300 °C, 1 bar, and very low f H 2 O (Spandler et al., 2007; Spandler and O'Neill, 2010) .
Nickel, with initial concentrations of ~3500 ppm in the olivine (typical for mantle olivine) but a low concentration in the parent dioritic magma (Table DR1) , diffuses out of the olivine. In detail, the concentration profi le is saddle-shaped, possibly caused by a dependence of D Ni on Fo, or by the buildup of Ni in the melt from dissolution of other olivines. The ratio D Ni /D Mn obtained from a fi t of the data to Equation 1 (see Fig. 3C ) is 0.8, which agrees with the slower diffusion of Ni compared to Mn in the higher-temperature laboratory experiments (e.g., Petry et al., 2004; Spandler and O'Neill, 2010) . Diffusion for all these elements is faster along the c axis compared to the b axis ( Figs. 1A and 2B ; Tables DR2, DR3 , and DR4). For example, the profi les for Fo, Ni, and Mn extend further into the olivine along [001] than along [010] ( Fig. 2A) , consistent with the diffusion anisotropy observed in laboratory experiments (Petry et al., 2004; Dohmen and Chakraborty, 2007; Spandler and O'Neill, 2010) and other natural examples (Costa and Chakraborty, 2004) .
The concentration profi les of Na, Ti, and V are quite different (Fig. 2D) , decreasing toward the rim despite the incompatible nature of these elements in olivine and their high concentration in the dioritic magma. The core concentrations of both Ti (50 ppm) and V (6.8 ppm) are higher than in all but one of the olivines analyzed by Witt-Eickschen and O'Neill (2005; Ti, 13-80 ppm; V, 5.7-7.5 ppm). The core Ti/Y ratio of 10 4 is one to two orders of magnitude higher than that found in mantle olivines (WittEickschen and O'Neill, 2005) . Moreover, concentrations of these three elements decrease on approach to the rim, which is opposite to the other incompatible elements discussed previously herein. Taken together, these observations imply that diffusion of Na, Ti, and V in the olivine was so fast as to allow initially for these elements to achieve full metastable equilibrium between the olivine and the dioritic melt; further cooling then results in back diffusion of Na, Ti, and V out of the rim of the olivine. The inference is that D Na , D Ti , and D V are orders of magnitude faster than D Mg-Fe .
Phosphorus does not show core-to-rim zoning despite the high P content of the dioritic melt, confi rming that the diffusion of this element in olivine is particularly sluggish (Spandler et al., 2007) . The concentrations of Al and Cr are variable but correlated with each other (Fig. 2E) . Notably, the concentrations of both elements decrease sharply near the rim of the crystal, e.g., Al dwindles to a very low level (~50 ppm). The decrease of Al is not expected for local diffusive equilibration with a dioritic melt, for which relatively high alumina activity ought to promote diffusion of Al into the olivine. The profi les obtained by LA-ICP-MS in the scanning mode reveal short-scale fl uctuations in Al and Cr abundances in all parts of the profi le. We interpret the correlated Al-Cr profi les as due to a combination of three factors: (1) the substitution of Cr and Al is coupled as an MCrAlO 4 (M = Mg or Fe 2+ ) component (Witt-Eickschen and O'Neill, 2005) ; (2) the concentrations of both elements are then controlled by very slow diffusion of Al (Spandler et al., 2007) ; and (3) the decrease of both elements at the rim of the crystal is a result of precipitation of spinel on a local scale, caused by the fl ux of Fe into the olivine.
DISCUSSION
With the assumption of the physical conditions discussed already, the anhydrous diffusion coeffi cients D Mg-Fe , D Ni , and D Mn summarized in Petry et al. (2004) , Coogan et al. (2005) , and Dohmen and Chakraborty (2007) were used to model the time needed to produce the diffusion profi le measured along [010] as ~10 3 yr. Allowing for an increase in diffusion coeffi cients of about one order of magnitude for the high fH 2 O of the system (Wang et al., 2004) would reduce this time to ~10 2 yr. Dissolution experiments at high temperatures (>1200 °C) show that mantle xenolith and forsterite are preserved in basaltic and andesitic melts only for several days (Donaldson, 1990 ); the present observation implies that olivine xenocrysts can survive for substantially longer times in cooler dioritic magma.
That olivine dissolution was slow compared to diffusion is the key factor in permitting the long concentration profi les to develop, which we have exploited to constrain relative diffusion rates under the physical conditions discussed here. For the divalent elements Ca, Co, and Ni, and for Mg-Fe interdiffusion, the rates relative to Mn diffusion closely resemble those obtained from laboratory experiments at higher temperatures and low fH 2 O, arguing that both the activation energies and the dependence of diffusion on H 2 O-associated defects are similar for all these divalent elements. This natural experiment also confi rms that the diffusion rates of Y (a good proxy for REE) and Sc are similar to those of the divalent cations, in agreement with Spandler et al. (2007) and Spandler and O'Neill (2009) at 1300 °C. Diffusion of Li through the silicate minerals of the upper mantle may cause fractionation of Li isotopes at high temperatures (e.g., Parkinson et al., 2007) . Therefore, an important result is that the diffusion rate of Li into olivine is similar to that of the divalent cations, as found by Spandler and O'Neill (2009) , who studied the diffusion of Li out of dry olivine at 1300 °C, and of Parkinson et al. (2007) on olivine phenocrysts in primitive arc lavas. The diffusion coeffi cient of Li in olivine depends strongly on Li concentration (Dohmen et al., 2010) , providing an excellent example of the need of minerals in trace-element diffusion studies to ensure that the concentration ranges studied are relevant to the substitution mechanisms occurring in nature.
Rather unexpectedly, given its comparatively slow diffusion in the anhydrous, high-temperature experiments (Spandler and O'Neill, 2009) , the concentration profi les for Na imply much faster diffusion than for Li. Fast diffusion is also observed for Ti and V, as at high temperature (Spandler and O'Neill, 2009) . For Ti, the fast rate may refl ect its occupation in both tetrahedral and octahedral sites (Hermann et al., 2005 (Hermann et al., , 2007 . The presence of two such different substitution mechanisms gives a much greater density of diffusion pathways than would be available for an element confi ned to a single site. Analogous considerations may apply to V on account of the variable oxidation state of this element; presumably V 5+ with its high charge but small ionic radius would substitute for Si 4+ on the tetrahedral sites, with V 3+ and V 4+ on octahedral sites.
Our results show that expectations based on simple considerations of ionic radius and ionic charge may be misleading in predicting relative diffusion rates in silicate minerals. Rather, diffusion of incompatible trace elements in silicates is likely controlled by the requirements of stoichiometry and charge balance, and, as Chakraborty (2008) pointed out in his recent review, the availability of vacancies. Hence, different cations making use of the same vacancies would be expected to diffuse at approximately similar rates regardless of ionic charge or radius, as observed previously in higher-temperature, dry experiments by Spandler et al. (2007) and Spandler and O'Neill (2009) .
